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The application of transcranial direct current stimulation (tDCS) has moved from the laboratory to
the wider community. This form of non-invasive brain stimulation has been shown in a number of
controlled animal and human experiments, over nearly five decades, to modulate brain physiology,
cognitive functions, and behavior. While its effects are variable across and within individuals, it
is not unreasonable to state that tDCS harbors the potential to enhance executive and physical
human performance. In a society increasingly driven to succeed with less effort, performance
enhancement with an intervention that has an excellent safety record, is well tolerated, relatively
inexpensive and readily available, is particularly appealing. Here, we offer a perspective on tDCS
for the enhancement of physical performance in sport. The ethical and legal implications of the
transition of tDCS from academic experimental work to general-public use, are discussed elsewhere
(Janssens and Kraft, 2012; Bain et al., 2015; Fregni et al., 2015; Bikson et al., 2016a; Kuersten and
Hamilton, 2016; Zettler, 2016).
We know from modeling (Datta et al., 2009; Luu et al., 2016), imaging (Baudewig et al.,
2001; DosSantos et al., 2012; Jog et al., 2016), intra-cranial recording (Huang et al., 2017), and
physiological studies (Nitsche and Paulus, 2000; Edwards et al., 2013; Strube et al., 2016) that the
electrical current from tDCS can penetrate the skull to influence neural tissue and vasculature
(Hamner et al., 2015). A good way to intuit that small amounts of current can transverse the
skull is to recognize that the electroencephalogram (EEG) represents current passage in the reverse
direction (Wagner et al., 2016). We also know that under laboratory conditions (Woods et al.,
2016), the safety profile of tDCS is excellent, including in people with neurological and other
disorders (Bikson et al., 2016b) although its safety for repeated and prolongued use in healthy
individuals has yet to be confirmed (Wexler, 2016; Angius et al., 2017).
The spread of tDCS outside controlled laboratory conditions, fueled to some extent by media
attention and high-profile users, has created concerns among some tDCS researchers. Recently we
have seen the publication of an open letter recommending considerations for do-it-yourself (DIY)
tDCS (Wurzman et al., 2016), including the involvement of healthcare professionals. A workshop
hosted by the United States Institute of Medicine (IOM) addressed clinical and non-clinical
applications of tDCS, including available evidence, safety, and ethics (Bain et al., 2015).
While tDCS can broadly modulate brain activity, and is considered safe within accepted
boundaries, it remains to be conclusively determined whether it can improve sports performance
at an elite level. The ability to optimize muscle control and maximize speed, power or duration is
crucial tomany sports, as is training andmotivation (Crewther et al., 2016). In pursuit of excellence,
athletes already use holistic approaches that directly or indirectly influence the brain. Some of these
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approaches include: meditation and visualization (Rich et al.,
2016), and acupuncture (Ahmedov, 2010), which can have
central effects (Zhu et al., 2015). Other holistic techniques include
music to reduce the perception of physical effort (Jarraya et al.,
2012) and psychological tools for motivation or harnessing
placebo effects (Sabino-Carvalho et al., 2016).
Many athletes implement at least one of these tools; which,
while not scientifically proven in all cases, are considered safe.
tDCS may be yet another example (Figure 1).
Okano et al. studied the effects of 20 min of tDCS with the
anode over the left temporal cortex (T3) on trained cyclists
(Okano et al., 2013) during an incremental cycling test, and found
significantly improved peak power, as well as reduced heart rate
and perception of effort at submaximal workloads. Clarke et al.
evaluated the effects of tDCS on a perceptual-learning paradigm
(object detection in a simulated combat environment), showing
significant enhancement of threat-detection accuracy with tDCS
with the anode over the right inferior frontal cortex (Clark et al.,
2012). In both cases, performance benefits were at least partially
attributed to the effects of tDCS on perception (reduced fatigue
and improved threat detection). Angius et al. (2016) likewise
reported reduced perception of effort and increased endurance
in 9 cyclists following anodal stimulation of the motor cortex
(M1) when the cathode was placed on the contralateral shoulder
but not when placed over the prefrontal region. Similarly,
Borducchi et al. (2016), found that elite athletes gained a
potential competitive advantage in cognitive performance and
mood elevation, with 2 mA of tDCS with the anode over the
left dorsolateral prefrontal cortex. By contrast, Flood et al. (2017)
noted that while high definition tDCS targeting the sensorimotor
cortex reduced perception of pain during fatiguing lower limb
exercise in 12 subjects, there was no significant effect on muscle
endurance or maximal production of force (Flood et al., 2017).
There have been further positive (Cogiamanian et al., 2007;
Abdelmoula et al., 2016) and negative (Kan et al., 2013; Muthalib
et al., 2013) reports on the effects of tDCS with the anode over
M1 on isolated muscle groups, such as the elbow flexor, and it
is important to consider how post-exercise measurement of a
unique muscle group in non-athletes might relate to conditions
of athletic performance (Angius et al., 2017). Uncontrolled
application of tDCS includes the US Olympic ski team (Reardon,
FIGURE 1 | Examples of tDCS device being used in sports training. (A,B) Caputron tDCS device. (C,D) Halo tDCS device. Devices are typically used for 20 min
before intensive training when motion is minimized, then removed when intensive physical training begins, comparable to timing in clinical rehabilitation.
2016), top-tiered NBA team (Mansfield, 2016) and gamers
(Falcone and Parasuraman, 2012; Jarrett, 2016). No doubt,
the performance of these pioneering athletes will be followed
carefully.
In a recent paper on athletic performance stagnation,
Berthelot et al. (2015) questioned the extent to which
athletic capabilities would progress beyond the boundaries of
human physiological limitations. They conjectured, however,
that technological breakthroughs might mitigate factors that
limit physical performance. One such potential factor is
perception of effort, which can be modulated by tDCS over
M1, resulting in reduced perception of effort and greater
endurance (Vitor-Costa et al., 2015). Fatigue contributes not
only to reduced muscular endurance (Williams et al., 2013),
but can also impair decision-making, response time and
skill (Rattray et al., 2015). In addition, tDCS can enhance
motor learning (Reis et al., 2009) thereby increasing the
benefit of practice and promoting better performance. It
is possible to hypothesize the mechanisms of action of
tDCS which could lead to athletic performance enhancement;
however, such hypotheses need careful testing before broad
adoption.
One challenge for research scientists is to determine the
efficacy of tDCS in real-world sports performance, and assess its
safety in the context of repeated use. Additional questions remain
regarding results found in laboratory conditions vs. field events
and in athletes vs. healthy non-athletes; or improvements in
strength vs. endurance, and upper extremity augmentation with
tDCS juxtaposed with tDCS enhancement to lower extremities.
A challenge for sports authorities is to determine where tDCS
supplementation fits into the regulatory framework at the
elite level. In the meantime, it seems likely that tDCS will
continue to be explored by competitive athletes looking for
that elusive edge. In the presence of media attention (Dubljevic´
et al., 2014; Batuman, 2015) and marketing, it is likely that
tDCS direct-to-consumer usage will expand. This engenders
engagement from the scientific community. When and how
are we obligated to step in as scientists? Is it desirable
to learn from uncontrolled adoption in a form of crowd-
sourced science (see Wexler, 2016; Wexler and Hamilton,
2017)? To what extent are companies marketing consumer
Frontiers in Human Neuroscience | www.frontiersin.org 2 May 2017 | Volume 11 | Article 243
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products for sports performance beholden to the scientific
community? Notwithstanding these complex questions, ongoing
controlled experiments of tDCS in sports performance is of high
value.
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